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WON SPIN DEPOLARIZATION IN NONIIAGNETIC METALS
~PEDUTTH PARAFIAGNETIC IMPURITIES

R. H. tkffner

Los A18nas Scientific Laboratory
LOS Alarms, New Fkxico 87545

I. INT’ROWCTION

me of the most active fields of sttiy using the technique of muan spin
rotation (@R) is the diffusian of light interstitial prticles in a metallic
host lattice. A ccmparisan ofnu~n diffusion ulth the diffusion of the heavier
hylrogen isotapes offers the possibility to stdy different mechanism af
particle matian; the light moss of the man, fcr Instance, may allou a coherent
or ban-like matian which is negligible far the heavier particles. In order far
such stu!ies to be particularly fruitful, h~ver, a ulde range of hast metals
must be ●xanined.

Infmnation on nuon diffusian is derived fian the temperature deper?dence af
the man de~larization rate, ut,ich in the case of transverse field uSF
measurements in nor+magnetic metals, is produced by the Inhcmgeneous magnetic
field distributions of the host n~lear di~lemanents. Gnsequ?ntly, there are
tw limitations inherent in such sttiies: (a) as the nuon matisn becanes ta~
rapid the field inhom~eneities are averagd t~ zer~ and n~ deplarizatian is
prxluced and (b) many host materials have negligible nuclear mments. In the
first case, an upper limit to the nuan diffusi>n rate 1s reached at low
temperatures; in copper n~ depolarization is observed at temperatures greater
than abaut 240 K[l]. This restricts the cmparisan with hydragen diffusi~n uhick
is measured at nuch higher tanperatures. In the latter case, n~ information an
muan diffusion can be obtained at all, as in for exmple silver ar g~ld.

A secmd very interesting field of investigation in scJid state physics
using the uSR technique 1s the behaviar of magnetic materials. In studying
magnetisn with mums, it is first necessary t~ understand the nature of the
inter=tian bet-en the nuon and the magnetic ions; only then can uSR become a
reliable tad ti stdy the intrinsic magnetic behavior of the host material. In
●dc!jtioa, because them.m Is such a simple magnetic probe (i.e., a bare dipole
in fkee space), its interaction with magnetic ions is a problem of interest in
Itself since such interactions shauld te wll understate if current thearies af
magn?tim in solids ●re ~11-faunded.

In the ensuing discussion w treat both the subjects of the diffusion of
muons and their magnetic interactions by descrlb:ng the physics ta be learned
fran ●xperiments With measure u+ depolarizetian in metalljc hosts doped with
dilute concmtratlons of magnetic impurities, In studying diffusian, such
systans provide a depol=-izat.ion mechanisn ●ven in the absence of host nwlear
mments. Furthermore, the larger ionic dipale manent (with respect to nuclei)
means that larger dlffusian rates can be meawxed. A complete trea~ent of such
experiments req~ires ●n understanding of the nature of the magnetic couplinf
bet~en the nuon md the impurity ion, hcwever. Furtherm~re, one nust take int~
●ccount the ion spin relaxation time *ich 1s several orders of magnitlde sharter
than that afthe Imst nuclei ●nd is thus carparable to the correlatim time

sssaclated with the nuon motion. lhus, thre quantities are of physical interest
in these ●xperiments: the nuon diffusion rate Du, the ion spin relaxation time
Is, ●nd the nature ●nd strength of the interaction G between the n’un and the
magnetic ion.
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Fig. 2

Temperature dependence of the de~larization
rate at 80 & far &Gd and &Er.

Fig. 1

Temperature dependence of the dep~larizatix
rate for AuCd (a), AuEr (b) at 80 Oe applies
field an~ for Ak~at 5 kOe (c) . The solid
lines in (a) andTb) are fits ta the data.
lhe pareneters are given in Table 1. The
salid line in (c) is the high field dipolar
prediction using the sane parameters.

11. DESCRI} rION OF EXPERIMENTS

lhe ●xperiments described here were carried out at the Stapped Muan Channel
of LANPF by a w=: of scientists from Los Alm Js, Rice University, %ntiia
Lab>rat>ries in Albuquerque and Ames Labwataries. %mples of the nable metals
Cu, ~, and Au were daped with the rare earths Cd and Er and with the transition
●lement 1%. The concentrations stulled were all bel~ 500 pm at, The smples
w.:● prepartd by arc meltl’lg and were mnealed at 800° C for one hour in an Inert
atms~ere. Resist ivity measurements wre consistent ulth a hcmugeneousr rand~
distributim of impurity Ions and wre used to verify the concentratims of
magnetic impurities.

‘be systmls under stu!y wre chasen for their high aolubilities (to ensure a
rmndm distribution of ions) ●nd because the ion spin dynanics have been
well-studied by FSR at lW tanperatures. Furthermore, the hast metals have quite
different Debye temperatmes ●nd th’Js may be expected b ●xhibit different
diffusion rates far nuons. In mjditlon, the muon diffusian rate in Cu is knwr,
for 70 K c T c 240 K; Au ●nd Ag have mall nuclear munents and so diffusion is
not measurable in the pure hosts. Gd md Er wre chosen as exmnples of ~n
S-stnte ion (Gu)
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Fig, 3

Temperature and field dependence ~f the de~larizatian rate f~r
Akd at 1S temperatures and higt fields. ‘The s~lid line is
=Icu! ate3 frm Ref. 2.

and a cyrstal-field split ion (F~). The rare earths are nearly Insaluble in CL
and SJ the S-state ion M ws chosen as a solute.

Figure 1 shaus data taken in Au hosts do~d with abaut 300 pm at. Er and
Cd. Since the deplarizatlan rate A(T) was found t~be negligible in the pure
h~st , all of the structure abserved is due to interactions with the mafinetic
l~ns. The salid lines are fits to the data as discussed bel~. 7he data in
Figs . la and lb were taken at 80 Oe. 7he data far ~kd in Figure Ic was taken
at abwt 5 koe and shw abaut a 2S1 decrease in J\(at the peak) frcm the lJK
field data. Nut shawn in Fig. 1 are measurements made ulth rare earth
concentrations af 100 pm at. It was fsund at all tmperotures that the
depal~izati~n rate uas decreased by a factx of 3(2 51) fram the 300 ppn at.
data, reflecting a linear concentration depdence. Figure 2 shcws medsuranents
made at 80 Oe an Ag smples dsped with ●bout ~00 pm at, concentrations of Er
●nd Cd, In Fig. 3 t!wde@arizatix, rate for~fid taken at low tanperatures
and high fields are shown. Finally, values for the depula-ization rate measu-e#
lnQM (500pP at.) betwen 50 K nnd 300 K wsre found t.obe Admtical to th~se
obtained in the pure Cu host. mom th{’knwn u+ diffusim rate tn Cu[l], one may
deduce that the nuons move too sl%ly to diffuse ts the vicnity of the ~ ims
at these temperatures.
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111. KXEL FITS TO THE Au HOST LJATA
A. T<6K;10000e <H<50000e

The data shwn in Fig. 3 for ~Kd shau that far T c 6 K and H c 5000 Oe,
the depolarization rate is proportional ta H/T. F1.rthernme, the line shape is
found to te Lorenztian. This is ~eclsely the behavior one ●xpects far a
motionless rruon *ose line shap? is inhamgeneausly broaJened by a spatially
rmdan distribution of slightly polarized magnetic Ions. The expected magnitude
of the depolarization rate for such eIcase can be calculated[2] assuning bath a
di@ar lnter=tion md an ion relaxation time I << 2n/uP, where up 1s the mu~c
Larmar precession !Yequency. For 320 ppn at. G~ In Au, one obtains

T2-’ = 1,08 X 10 ‘4 H/T psec-1,

a plot of which is shxn as the solid line in Fig. 3. AS discussed belw, the
broadening due ta the RKKY interaction[3] Is found to be abaut ten times smaller.
He therefore conckle from the excellent agreement ulth these data that the lang
range part af the ffuawion inter=tion 1s di@ar, and that both the mums and
the ions are stationary and ar,?randunly distributed in the lattice.

B. T>50K; H=8@0e

Any mathematical mtiel used to fit the data rrust incarparate bath the mu~r
and ion dynmics as well as carr~tly account for the interaction mechanis,. A
similar situatian arises in NNR stdles of supersonic conductors doped wit!
paranagnetic Impurities[U]. The mtiel used here is due t> F. M. Richards[5]
which is a general izaticm of ●arlier calculations. Ihe general assumptions Jf
Richards’ model are that (a) the muon m~tion is described by a classical
diffusim equat”~m with no trapping, (b) the lnter=tian is isotropic and varies
spatially as l/r with a cutaff at a distance af closest ~pproach, (c) there is
na correlation in Ianic states between me nuan hap and the next, and (d) there
is no inhamagenews broadening. In addition ti these general features of the
maclel, it is further ass”uned in the fits described bel~ that (e) the lnteractj~n
is a classical diplar one, that (f) the Ion relaxatim time 1s varies as b/T,

and that (g) tl~enum diffusian coefficient D is given by D = D exp( - c/T).
Classically, the hopping time Ih is then t s dy/6D

P
, d being khe d!stance far a

single hop. Fits =re carried out ar a d!’stance of slosest approach
corresponding to the tetrahedral and octahedral Interstitial sites. In dditia~,
it was necessary to introduce an arbitrary parzrneter a t~ renmmallze the
interaction strength. The results of these fits far the&d md &Er data usin[
the tetrahedral site are shwn as salid lines in Fig. 1; the parmeters are
given in Table 1.

*fore discussing the physical significance of the fit parmeters, it is
instrutlve ta qualitatively discuss the behaviar of the data ulthin the context
of the malel calculations. At the very lowest taperatures n~ b+ dtplarizatl>~
1s observed since the mans are essentially stationary and the ions are n~t
polarized significantly at800e. As the ~erature is increased, the nu~tls
mwe more rapidly and ●ventually diffuse close ta the ions producing a measurable
depolarization. In this diffusion llmited regime, a single ●ncounter with nn ion
produces large oephasing of the rruan spin and T2 is characterized by the time ta
diffuse ta a given ion, ~h. The peak occurs very ro~hly at the tanperat~)re
where (aG7) = 1, where aG characterizes the interaction anplitule and ~ is nJw
●n effective correlation time uhich has been taken b be l/T x l/t~ + l/lb. At
higher ~peratures (beyond the first peak) the man encwnters many ions in its
lifetime, each encwnter producing a mnall mount ofdephasing. In this regime,
T is characterized by the ●ffective correlation time T at the ion site.
Ffnally, ●t s1l Wnperatures, one expects the delmlarization rate to vary
● ad----.. .A&L m.– . .. . -..
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We now discuss tbse fits ~antitatively, ~inting out that no attmpt has
yet been made ta fit the double pak structure. In the case of ~kd the value of
B WS fixed at 7 nsec -K by the results of lcu tanperature ESR measurement[61.
The ●xtrapolation of the ESR Korringa relaxation rate[71 to higher temperatures
fwGd appears reasonable since the orbital angular mcnnentun vanishes ta lwest
ader md hence phana~lnduced relaxation shauld be mall. The rate af rise af
the de@arization rate at l-r temperatures and the ~sition and magnltwle of
the peak fix D . (11 ths high side of the peak atT > 140K, A(T) falls
●xpmentially Ind!’eating that ~h << 1s. In order ta fit the Pak position and
height an lntiraction strength of abut 4-5 times dipalar is required.

For &Er the depolarization rate an the lW temperature side of the first
peak is fit =11 by the dlffusian rate obtained from the AWd fits. b the high
temperature side of the peak the depolarization rate ~il.s as l/T, indicating
that I << ~h.

f
A quanti~tive fit requires a knawledge of both the spin and

●ffect ve g-factor far Er in Au. Ihe ground state is a doublet withg= 6.8 and
Is split from the first ●xcited state by about 16 degrees; the overall splitting
due ta the crystal fields is about 100 K[8]. Qxmequently, we have assmed far
simplicity that all magnetic sublevels are ~pulated at the tonperatures af
interest ●ti have thus used S = 7.5 H and g = 1.2, the Land6 value. In the fits
to thedata ts is highly correlated with the interaction strength. It was faund
that an interaction strength abwt 10-20 times dipalar is required ta fit the
peak pasition and height and that Ts(Er) is about 100 times mailer than ~s(Gd).

c. T>50K; H:500@oe

Figure lC shws the depolarization rate far AuG(’ at H : 5024 Oe far 100 K <
T < 200 K. lhe magnitde of the depalarizat~n rate at the peak pasitim is
decreased by abaut 252 fram its value at800e. A decrease in !nagnitMe at field
values where one has w I - 1 is predicted by bath the dipolar and RKKY
j,nteracti2n nndels (U5 is ?he Icn Larmw prmessian frequency). For ●xmple, the
hom~enews widths far a stationary mum me given by[91

asymptotic RKKY

where Gp and CR contain the interaction strengths. Ihe terms captaining wst and
WPTarise frm spin-flip tinns in the interaction Hamiltsnian. ‘Ihe salid curve
in Fig. IC iS the 5000 w prediction far the dipolar Interaction using the
parmetcrs abtained from the 1- field data. Che sees that the agreement is n~t
particularly gati, As described belw, me ●xp’ects GR <<G@, and thus high field
data are nat wll-explained by ●ither of these long-range lnteractlans.

IV; DISCUSSIONOF RESULTS

W now discuss the three ~ysical quantities of interest derived from these
●xperiments: the nuan-ion interaction strength, the nuan diffuslan rate, and the
Ian spin relaxatim times.

A, Inter=tion Strengths

Three distinct lnter=tion mechanism are m~st likely in the systems
canslderd here: dipolar, M(KY, ●nd contact or transferred hyperfine. The
dlpolar interaction can be calculated ●xactly ●nd agrees w1l ulth the lang range
part of the interaction measurd ●t low tunperatures. Ihe RKKY strength in the
●synptatic lMit[lO] may be ●stimated if one bows the S-wave conduction ●lectr~n
coupling to both the 4f rsre ●arth orbitals (J) and the rfuon (A). Using the low
b-m---k---- Fen ..-~.--r~~~ -m ● - A _ ●. s . - . - - -
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Knight ahif’ts[121, a fird that CD ● 10GR, and hence that the ●symptotic RKKY
Interaction is mimportant.

A third mechanim for uuon deplrizatim Is an interaction which is
mdiat- by the conduction ●lectrons but With is shart range In nature. The
short range pert af the RKKY interaction Invalving S-wave conduction ●lectrans is
such a possibility. Gqually likely, however, is that such an inter=tlon wuld
be mediated by electrons having a 5d-like char~ter. In ~Wd tb gadalinim is
trlvalm~ tiereas th gola is monovalent; therefarep there is considerable charge
screening of the gadolinim and some of the screening ●l~trons have 5d
character. Nidence for significant 4f-5d coupling in the r~e earths has been
found in dilute metal alloys[8, 13,14] ●nd in intennetallic canpwnds[ 15]. The
interesting questions fornmn stwlies involve the degree of averlap of the 5d
wave !lmctions at the man site and the field dependence With swh an
interactianmlght produce. Amtiel calculation similar t~ the one described here
indicate that a contact field of about 35-40 kOe wuld be requird[ 18).

Mfore drawing conclusions regarding the nature of the Iohnuan interaction,
it Is impartant to consider the model depndence of the interaction strengths
obtained from fitting the data, focussing on the apparent wakness af the dipalar
lnteractkm. lbn +rmeters in the mod4 are strongly correlat- with the
interaction strength, nanely, the distance of closest appraach ~ and Is. Me
have takeri~ t~

I
e that corres~nding ta a normal interstitial site. *cause af

the assuned I/r spatial variatlm, mall changes in
%e

effect the calculated
deplarizatian rate considerably; consequently, lt could that the muan-ian
pair sufficiently defmn the lattice so that a 1s snaller than expected fsr a

? the ●ff-tive interactiontetrahedral or octahedral site, thus Increas ng
strength. 7his picture alone, houever,wlll not reconcile the differences bet~er:
Er and Cd in Au since the ionic radii for Er and Gd differ only by abwt 5% and
thus any defmnations should be abwt the sine.

It is alsa passible tkt the presence of the man changes the electran spin
density at the ion site and thus alsa changvs TS from its anbient value.
Calculatians[161 of the spin density enhancement praduced nearby the muon in
undaped metal indicate a change af only few percent, however. Ihus althcwgh this
could be a factor, it is not ●xpected ta be a large one. Ihe possibility that
the mans electric field gradient affects T significantly and hence the fit far

ithe interaction strength also cannot be ●xc ded, tho~h it seems unlikely.

In addition to these cmsiderati:ns, the model formwdiffusim used here
may have important inadequacies which cwld account for at least sane af the
apparent reductian in dipolar strength. For example, themtiel specifically
●xcludes fruon trapping. If trapping is present, however, it rmtst be ueak since
the precisely linear cwwentratim dependence uhlch Is measured precldes
saturatim of any supposed traps. Furthermore, impurity induc~ muon trapping in
other FCC and BCCmetals has been found ta bemastly negligible above 100 K[171.
IIIus the assunptlan ofna trapping appears to be reasonable.

A more serious objection may involve the use of the continwn approximation
which 1s inherunt ir treating the fruon mation with a classical dlffusi~n
equatian. Ekcause the dipole lntiraction falls off so sharply with dlstancep the
discrete nature of the hopping in a lattice can be important ●nd can lead ta a
larger depolarization rate for ●given intermtlon strength than is obtained fram
● continuun of distances. Indeed, c~lculations[18] which mock upmuon-happing an
● real lattice shw just such an effect. It is ulikely, however, that the
differences betwen G6 and Er can be resolved by such ● mechanisn.

Me conclude therefore that neither the diplar nor ●symptotic RKKY type
Interactions can account for all of the interaction strength observed. This
conclusion is based upon the mall value for the cllculatd asymptotic RKKY
intar~kinn mnrl t.hm 4ndfiIImFuI Ar +L.- AJ-I- .A--A*-- A. -..-* . . . ., . .
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capling in A&d at 80 &, the differences in
t?k high f ie~&high temperature Atid results.—

coupling bet~en ~tid and AuEr and
bnsequently, the possibi~ty of a

shrt range Interaction as, for tianple, one mediated by 5d virtual bwnd state
●lectrons, deserves sericus cansideratian.

B. Dif fusian Rates

Ekiore discussing the value of the rruan dlffusian rate in Au, several points
need to be made. Alth~h the precise nature of the interaction is not known f>r
B+ In AuCd, the strength has been determined (- 4-5x dipalar) and hence DP is
reaaanab~ wll-knwn within, of course, the context of the madel used.
Furthermore, the pxsibility that the man diffusion is influenced by lmg-range
strains induced in the lattice by the substitutimal Impurities seems remte.
‘he salubilities are high and hnce the lattice defmnatians should be canfined
to the sites nearest the impurity ions.

The diffuslan rate for nuons belw rxm temperature in Cu has been derived
from measurenents!l] in the pre host and is given in Table I slang with the
measmements far Au. Fkam the magnitdes of the ~e-exponential factars and
activation energies far the diffusim coefficients, one I,dy conclde that the
diff~slan mechanism far nuons in Cu and Au are very different; indeed, muons in
Au resemble ecmwhat h@ragen in Cu. The large Preexpmential factar sl~gests
that mums are underg~ing over-th~barrier happing in Au, whereas in Cu
significant incoherent tunneling is Invalved. (See ref. 19 for a discussion af
mum md hydr~gen dlffusi>n in Cu.)

Altha~h the lack af data for P+ above roam temperature pr~ludes a
determinatim af Du in Ag, it is apparent by observation that DP(Au) > Dk(Ag) >
D (Cu!. This correlates qualitatively with simple mtiels[2@] of phanm-assisted
dyffusi>n which pr~ict an increasing diffusion rate far a decreasing Debye
temperature ~; Indeed ~(Au) < ~(Ag) < ~(Cul,

c. M Spin Relaxatim Times

The types ofmeasuranents described here offer the passitility of studying
Ian relaxatim times in a temperature regian here the ESR signals have became
tm broad ts be c!etecte?. As discussed above, one requires a situatian where TS
< th. The principal ltiitation ta such stulies, which may be fmnidable, 1s an
accurate knwledge of the interaction strength betwen the man and the Ian.

The ●xperiments an&d and&Er have yielded ~&Er) << l~(Gd) as might be
●xpected. Ihe measured l/Tuependenee for lq(Er) Is In principal consistent with
relaxation via the conduction ●lectrons .(Korringa) or via direct ~m~n
pracesses[21]. In the temperature range Wzlied here, It is likely that the
phonan fracesses will damlnate, altho~h a eonflrmin~, calculation af the ●xpected
rates Is difficult in a crystal field split system at temperatures which are
neither very high nar very lW campared ta the overall splitting 01’ abwt 100’ K.

ACKNWLEW4ENTS

It is a pleasure to thank my coilaboratars at LAMPF(J. A. WOWI, R. L.
Hutsan, PI. Leaf? anti M. E. Schillaci) , at Rice Uniwrslty (S. A. Dodds, T,
L. Estle, and D. A. Vanderwater), ●nd ●t Sandia Laboratariez (P. M.
Richards) far many h~ppy ilours carrying out and discussing these experiments.

\



. . . .. . .. . .

. ..-

TABLE I

Parmetar &d(a) &Er(a) ~tid(b) &Er(b) Cu

4.820.1 17-12 4.1 tool 10
@e#mc) 7.0 0 Mu , O&- 0.10 7.00013, 0 ~;

?
1.73 x 10-9

1;31 t 2;
. .

cK)

on ~~h;r~~ (a) and tetrahed~~Parmeters abtained assuning the nuan hap?
sites (b). The sane dj”hsion ~raneters, Do and f, ~re used for both~kd and
&Er. For &Er a rmge of possible values far the interaction strength
●nhancanent a and for relaxation time B are shw far octahedral sites; a similar
range ●xists far tlw Utrahedral case. Ihe Cu values are fhm reference 1.
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